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EHHODUCnCN 


Guidance tectnology based on automatic, self-contained, onboard equipment for 
'vehicles moving in six degrees of freedom tilth respect to the surface of the Earth has 
progressed ft*cm non-existence to practically Its ultimate potential effectiveness over a 
span of not much more than three decades. Beginning in the early 1940s with the Gennah 
development of the V-1 and V-2 missiles, and tilth other achievements in the USSR, the USA, 
and other countries, rapid strides In effective guidance for airplanes and spacecraft 
ha've been made with substantially universal acceptance of demcxistrated principles a 
certainty as progress continues. 

A strong interest in guidance, that conplex of operating flmctlons causing a 
dlrectable vdilcle to move along some path to acconpllsh Its assi@ied mission, began for 
me in 1919 at the university of Missouri, nd»i I wait on my first aiiplane fll^t In an 
"OQC JEltff." I transferred ftom Missouri and received a Stanford Bachelor’s Degree In 
1922. After graduation from the Massachusetts Institute of Technology In 1926 I mroUed 
In the Army Air Corps Reserve Officers Training Corps and attended flying school at Brooks 
Field In Texas. During the last yeaz^s of the 1920s and early 1930s I ovmed and flew an 
0X5 ROBIN airplane. Even thou^ the plane's performance was low, federal regulations were 
not yet In operation, so it was possible to fly and e]q>erlnient at will In all kinds of 
weather. At this time I was on the Instructing staff and later the faculty of the D^»rt- 
ment of Aeronautical Engineering at M.I.T. , with free and conplete access to measuring 


"*’ft«sented at the Fifth History Synposium of the International Acadetay of 
Astronautics, Brussels, Belgium, September 1971< 

^^Instltute Professor Emeritus and President of the Charles Stark Draper 
Laboratory Division of the fbssachusetts Institute of Technology. President of the 
Intematlonal Academy of Astronautics. 




V f 


•v|LVX 


219 



instmnents and machine tools. While teaching In aeronautics, I also worked toward a 
Doctor of Science Degree in Physics, with a Mathematics minor for specializatioi in 
advanced geometi7 and mechanics. 

Because the professor ydx> tau^t the ccHirses in Aircraft Instruments left 
M.I.T. , I was offered and accepted the assigrinent of teaching this subject. No systematic 
treatments of ^ cry or textbooks of any kind were available. Ccaisequently, there were 
no restrictions cm fonrulating conc^ts, planning attacks, experiments, teaching patterns. 
Instrument desigis, and fli^t tests. This environment made it possible to identify, 
study, and find solutions for all phases of Infometrics (the conplex of activities deal- 
ing with the saislng, transmission, processing, evaluation and use of informaticMi) 
associated with the cperatic«i of aircraft. As an instructor in the Aeronautical Power 
Plant Laboratory, I worked under Professors C. F. I^lor ar^ E. S. Taylor, and devised 
instruments for measuring engine pressures and vibration. Ihis work attracted support 
from the National Advisory Ccximittee for Aeronautics and the IMited States Navy, pex^ 
mitting me to start and maintain a snail laboratory with a few assistants. These 
activities were established during the early years of the 1930s and in effect gave a 
start to the organization that eventually became the Charles Stark Draper Laboratory 
Divisicxi of the Massachusetts Institute of Technology. 

PRELUTE FOR INERTIAL NAVIGATICX4 SYSIE^B 

Although the work with instrumo^tation during the 1930s was largely asscxiiated 
with aircraft engines, my stroigest Interest lay in forroulating the problems asscx^iated 
with guidance, and designing equipment for meeting the requirements of operational situ- 
ations. During and before the 1930s, radio adds for navigation were rudimentary, and, 
to make matters worse, owners of private airplanes usually could not afford receiving 
sets capable of satisfactory results. Weather reports were not generally available, and 
flight plans, except at the most iirportant airports, were not required. The net result of 
all these circumstances meant that the private pilot c 'dd easily bo caught in zero visi- 
bility, and reduced to his own resources without the possibility of help from ground 
stations or any other aircraft. Situations often developed in which good luck was 
required for survival, even if one abandoned all thought of mission acconplishment • 

In several instances, a combination of poor weather and poor jud^nent left me 
with that "hopeless feeling," under conditions of substantially no visibility for seem- 
ingly very long periods of time. During these periods I waj licky to renain alive. How- 
ever, after several bad experiences, and time to think over the consequences of events 
that occurred, I came to analyze the factors that combined to make safe flight lirpossible 
without visual contact with the Earth. The fundamental difficulty, of course, was the 
absence of geometrical Infonnation about the position, orientation and motion of the 
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airplane with respect to the Earth. TWo basic deficiencies were involved; first a clearly 
defined reference space In tdiich orientation of the airplane could be judged, and second, 
a reference qpace, idilch migdit be the same one as that providing orientational references, 
from idilch direction of travel and linear speed of the aircraft with req)ect to the Earth 
could be estimated. Crloitation, that is, roll and pitch about "horizontal" axes, and 
yaw, the angle from north, were needed for naintalnlng stabilization (angular positions 
about three axes well oiough defined for the maintenance of safe fU^it tdille ;a?ovlding 
reference directions rrm which maneuvodng changes in attitude and direction can be 
made), tAile the position, direction, and speed over the Earth were essential knowledge 
for navigation toward selected destinations. 

(kdentatlonal references for the puiposes of fU^it stabilization were first 
provided In practical fU^ instruments in 1928 with the Artificial Horizon and 
Directional (lyro devel(y>ed by Elmer A. I^>erry, Jr. , for the Guggenheim Blind Flying 
Experiments of James H. Doolittle. The instrunents gave indications showing aircraft 
deviations in roll, pitch, and yaw, reed from dials by the pilot. With these Indicated 
deviations, the pilot could stabilize the aircraft through his usual control movemmits 
Just as he would have applied Infoimatlcxi ft:xxn visual observations of the Earth's surface 
on clear days. The ^rry Instrummits were for stabilization only, and provided angular 
outfxits good to a few degrees of angle; rou^ outputs by navigational standards, but 
adequate for maintaining control and reasonably good fll^it directions for human pilots. 
The i^jerry devices did not indicate the position or velocity of the aircraft with re^ject 
to the Earth, and thus offered no direct help with navigation. 

To be sure, some discussion of determining the position changes of aircraft by 
double integration of Indicated accelerations did Indeed take place among aeronautical 
engineers during the early 1930s. But recc itlon of the high eiccuracy required and the 
need to s^>arate effects due to gravitational fields ftxxn inertial reaction forces, led 
to the near-universal conclusion that the development of necessary Instrumentatlcxi would 
Involve very great difficulties. Therefore, most engineers and designers decried any 
attenpt to develop self-contained guidance systems based entirely on Newton's Rrlnclples 
of Inertia as a waste of time and money. 

After some fifteen years experience and study of the theoretical and englneez*lng 
proglems associated with creating Inertial guidance equipment, I came to disagree with 
this conclusion. At the same time, however, I also became convinced that creating practi- 
cal means for guideince of this kind would bo very, very difficult. Pamlllarity with 
state-of-the-art technology made me certain that "off-the-shelf" devices offered no real 
help with design or construction. Everything, the elements, conponents, and subsystems, 
would have to be imagined and created from theory, engineered, built, tested, prepared 
for production and operatlcxial service "starting frtm scratch." Substantial support for 
several years would be necessary if significant results were to be achlevea. But support 
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of this kind was siiqply imvallable during the 1930s. Consequently, beyond a few thesis 
projects, studies In practical "blind flight" at the Boeing School of Aeronautics in 
Oakland, California, some flight tests of conventional aircraft Instruments, and slow but 
careful develc^xnent of theory In mechanics with particular stress on gyroscoplcs 
Incorparated Into graduate student subject matter, I placed inertial guidance develop- 
ments on an inactive status until more favorable conditlois nd^it ajpear. 

For self-contained guidance systene, the ftandamental problems Involved using 
instruments to accurately Indicate changes in six Independent geometrical quantities, 
three rotations about mutually orthogonal axes, and three linear translations along these 
or three other mutually orthogonal axes. Hhe g»ieral perfonnance objectives for measur- 
ing devices to deal with the geometrical quantities essential for Inertial guldarKse had 
to fall Into a pattern similar to the typical behavior of watches as indicators of 
elapsed times after the arbltraid.ly selected Initial Instants. In addition to measure- 
ments of this kind — for changes in three angles and three translations from ccxiflgura- 
tlons chosen gmierally for convenience — indications of velocity (rate of change of posi- 
tion) and acceleration (rate of change of velocity) as direct or derived sigials were 
also required for guidance system outputs. 

Just as specific uses determine the performance requirements for watches, the 
use irade of geometrical quantity sensors would set the quality of results desired from 
overall systems. For exanple, good watches may accunulate errors at rates no more than 
factional seccxids per day, «Mle quartz crystal or atomic oscillators can be >ullt to 
realize accuracies in the range of one part in 10^® and better. This wide ^ctrun of 
perfoiroance in measurements of time required many years of development before it became 
a natter of practice. Likewise, cxie could reasonably expect that some years would be 
needed to bring seisors for inertial quantities to corresponding levels of perfonnance. 

Ihe performance required depwids upon the following circumstances existing on 
our planet. On the Earth's surface, one minute of arc angle between local vertical 
directions means that a distance of one nautical mile (6,000 feet) has been passed on the 
Earth's surface. The coiTe^XMxiing distance for one seccxxi of arc (1/60 of a minute) is 
1/60 of a mile, so that a devlatl<xi in allgiment of referaice coordinates to the vertical 
of one second in magnitude would produce a navigational indication error of one hundred 
feet. Therefore, the angular refererwe coordinates carried by an airplane had to have 
angular uncertainties with respect to the Earth not greater than a few seconds of arc 
about horizontal axes if this subsystem was to give accurate indications within a few 
tamdred feet. 

Instrunaits mounted on stabilized members to sense acceleration conponents for 
navigation conputaticais would, in practice, actually sense not acceleration alone, but 
"specific force," the resultant of gravitational field acticxi and inertial reaction. The 
signals representing specific forct ccnponents would have to be "corrected" for 
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gravitational field effects In the confHiting system tliat would also provide sli^e and 
double integraticxis to produce Indications of changes In velocity and position. If 
errors In posltlcsi on the Earth's surl^e were to be limited to not more than a few 
hundred feet during a flying time of about one hour, ^>eclflc force receivers had tc have 
perfomsunce characteristics that allowed them to deal reliably with changes on the order 
of one ton thousandth or less of one Earth's gravity. 1 conducted various mathematical 
studies of the performance needed for Ineirtlal quantity sensors to serve as coqponents 
for on-board aircraft guidance systems with my colleagues, notably rrofessor Vtolter 
Vbrlgley and his studonts during the last half of the 1930s and the first half of the 
1940s, and by 1945 the Instrument performance characteristics required for Inertial 
systems were generally well recognized. 

Under the Inpetus of World Uhr II, radio aids for navigation received great 
attention and siq;^rt. Ey war's and, civilian and military airplanes carried equlpmait 
that anabled pilots to navigate quite well under all weather conditions. Of course, 
positive results depended upon the cooperatlai of favorable radlatlcan aivlronments from 
extensive ground station netwoxics designed to complement adnoard radio equipmant. How- 
ever, I still remembered ny days of flying without external nids and retained a strong 
personal Interest In the challange associated with creating self-ccntalned, can-board 
guidance systems not requiring radiaticxi contacts with external statlcxns or points of the 
Earth. 

Inertial guidance system develc^ments received no significant support In our 
laboratory during the early 1940s. But aneny control of vast territories during World 
War II soon stimulated funding of self-contained on-board equipment for aircraft guidance. 
Because such systems did not require help from outside stations and could not be put exit 
of action by any measures short of actual physical destruction. World War II experiences 
caused Air Force officials to consider develc^xnent of Inertial guidance systems as 
essential for future capabilities. Late in 1945 Colcxiel (now Lieutenant Oeneral, retired) 
L. I. Davis, the Commandant of the Armament laboratory, who had been ny graduate student, 
and his chief scientist. Dr. J. E. Clemens, translated their understanding of inertlad 
guidance possibilities Into sipport for cur Laboratory. Shortly thereafter, we began a 
project to deslgi and build an experimented system. The following sectlcm of this paper 
consider this work and the progress achieved during the period ending in 1951. 

ACTIVITIES DURING TOE FIRST HALF OF TOE 1940s 

Aerospace guidance was not an area that provided sponsors fca? Laboratory 
activities during the first half of the 1940s. In face, during the leist half of the 1930s 
the Laboratory was lai^ly concerned with aeronautical power plant Instrumait projects— 
particularly with creating engine analyzers for lojig fll^s over water. Graduate courses 
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on Instruneritatlon that I tau{$it attracted a nunber of Navy and Air Corps officers In 
addition to civilian students and, until 1939* I continued to be especially interested in 
the generalized geometry associated with aircraft motions and also the consequences of 
Newton's Laws for linear and rotational motions of rigid bodies. Progress in these areas 
cazae from pr^>aratlons for lectures* laboratory woiic* and thesis projects associated 
with educational activities of the laboratory tMch was then* as it always has been 
during its existence* an Integral part of the academic section of the M.I.T. Aeronautical 
Ehglneering Department. 

During the early phases of World War II* multiple air strikes at surface vessels 
had sad results for ^dps of the Allied Navies. At this time N.I.T. students* faculty* 
and members of the Instrumentation Laboratory became strongly concerned with developments 
of equipment to provide protection against such attacks. Existing guns and their sissocl- 
ated fire control eqiilpment had beai designed for battle among surface vessels and were 
so large and heavy that only a small nunber of systems could be Installed aboard even the 
largest ships. Ihese gun projectiles were larger than necessary to destroy airplanes with 
direct hits or evmi near misses* tdille their rates of firing were slow. Ihe equipment 
Available for pointli^ guns depended on cvnbersome mechanical arrangements for geometrical 
transformations between tracking coordinates* conputlng coordinates* and fi nally the deck 
coordinates in tdilch gun movemmits had to occur. Ihe control systems were not only large 
and heavy* but were so sluggish in action that the airplane's relatively high speed nade 
it possible for them to conplete their mlsslcxis and fly safely away without much dar^r 
IVom anti-aircraft shells. 

Deslgis for repid aictlng machine guns firing projectiles capable of destroying 
airplanes by direct hits were available* with large sceile production cxdLy a natter of 
assigning adequate resources to the task. But equipment for rapidly and effectively 
pointing these gin.s was another matter entirely, because the bulk* ccnplexity* and cost 
of existing devices* even if they had been effective* made it Infx^ssible to provide con- 
trol far each gun cr group of guns. The general approach used for the gun desi^i was not 
adaptable for reductions In weight* size* caiplexity* or si^iiflcantly lowered costs. 
C(»isequently* during 1940* we directed our attentlcm toward this problem of providing 
rapid and effective anti-aircraft fire control for machine guns carried by naval ships. 
Because we became involved almost exclusively with classified projects, the Laboratory 
was now given the new name of COhf'liAl^llAL INSITIUMENTS lABORATC^. 

The aiglneering problems Involved developing fire control units (1) weighing 
not more than a few t«is of pounds* (2) able to operate satisfactorily while mounted 
directly on the cradle of a firing machine gun* (3) requiring no more than a few minutes 
training time for noimal hunan beings to become competent operators* (4) having good 
reliability* and (5) priced at not more than a small fraction of the cost for can- 
ventional fire control equipment. The capabilities for providing gunslghts were based 
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on adaptations of models already built earlier. The success of our c<»io^ts and equlp- 
rowit, designed and produced by the Sperry Gyroscc^ Conpany and associated extractors, 
was clearly demonstrated during many ship and aircraft xcounters during World Var II. 

Ihls achievement brexa^t the laboratory, now renamed the TNSMVENFPHICH LABC^T^V, wide 
recogiltlx. It also generated the background of ideas, cadres of pecple, and equipment 
necessary for assimiing tasks In guidance based an Inertial principles. 

On the engineering side, the development of naval antiaircraft fire ccntrol 
systems and airborne equipment for fi^iters and bombers permitted us to create and reduce 
to practice several uncxvxtlonal viewpoints toward dynamical theory. later these 
viewpoints became key factors in desigis for the basic conponxts of inertial systems. A 
brelf look at the principles applied is not only useful but essential for understanding 
the fundamental background in discussions of later developments. Ihe theoretical back- 
ground is based x ^^ewtx•s Law of Inertia trtiich states that the vectx change In momMitun 
of a mass with respect to inertial space is determined by the applied force, being in the 
directix of the force, proportional in magiitude to the magiitude of the force, and 
Inversely proportional In mawiltude to the magnitude of the mass involved; applied to 
rotatixal notion, this law becomes the statement that the time rate of change of angular 
momentum of a body with respect to inertial space is equal to the applied torque. 

Students of mechanics are well aware that for bodies of generalized shapes with 
forces and torques arbitrarily ajpUed, the mathematical expressixs for the resulting 
motions are coitplex, and descriptions of behavior quite involved. Yearj of study had 
brought me considerable familiarity with the exhaustive treatments found in conprehxslve 
textbooks. But practical experlxce had cxvlnced me that, for engineering purposes, all 
the essxtlal actions of sensing devices could be derived ft?om theoretical assumptixs 
of relatively simple mechanical arrangements. The basic ideas were elementary, and 
corre^xjnded to desigi parameters that could be adapted to practical constructions by 
slnpllfying the slx-degree-of-freedom clrcunstances of a body free in space In sltuatixs 
where essential actlxs could be effectively described by considering xly xe or two 
degrees of fVeedem. Ihls Implied desigis of cxstralnt systems for unbalarwed masses or 
spinning rotxs that restricted motions to cxlcal angles with respect to a point or to 
sljiple angular di^lacements about a single axis of rotatlx. 

Before the early 19^0s, vdien the labxatory developed antiaircraft gunslghts 
for operation on the moving decks of surface vessels, the gyroscopic rotors cormonly used 
in marine compasses and naval stabilizatlx equipment were carried by arrangements having 
two degrees of rotatixal freedom. Ihe suspenslxs employed elastic members and bearings 
desl 0 ied to work with very small ftrictlx levels. It followed that. Ideally, the 
supporting means caused negligibly small uncertainty torque cenponents to act x the 
angular mcmentum associated with the spinning rotors. lAider Newtx's Law for Gyroscopic 
Actlx, this meant that, because "zero" tojrque was acting, the angular momentun vector did 
not change its directix with respect to inertial space, cxsequently, the spin axis 
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exhibited the property of being "rigid in ^»ce." Instrument (^leratlon using gyroscopic 
rotors generally depended upon this actlm for stabilization to exclude effects of 
undeslred base motions, tMle using changes In ^In axis dlrectlcn to produce control 
torque coqponents for g»ierating desired results. IVio-degree-of-freedcin gyro units, 
having suspensions tdthout slgilflcant lM.ctlon uncertainties, were said to have the basic 
property of "rlgidity-ln-space," while essential c?)eration was associated with precession 
undter torque con|xx)«its derived from control li^pxxts within associated mechanisms. 

All of the fire control develc^xnents at the Laboratory were based an slngle- 
degree-of>freedcm gyro isilts Instead of the two-degree-of-freedom type that was gmoeral 
for both narlne and aircraft applications before 1940. Ihe only Instrument In connxxi use 
before 1940 that enployed the slngle-degree-of-freedcm deslgi feature was the so-called 
Rate-of-l\im Indicator for aircraft, that ai^lied the Ideas ftxm patents of Professor 
Henderson. This device did not and was never Intoided to provide perfoxiuance of quality 
suitable for navigation or guidance. 

In the machine gun fire control equipment (teveloped by the Laboratory, three 
slngle-degree-of-freedom gyro units were mounted on a rigid meiitoer with the spin axes of 
their rotors muv.ually orthogcaial, and candled by single axis glndsals with directions of 
their rotational ft?eedom at rl^t angles to each other. Variable ^Ing restraints about 
the glmbal axes were adjustable in stlffhess as a function of ranga to the target. 

Viscous action of a thick fluid in the clearance between the glmbal and the case was used 
to provide protection against mechanical shock and vibration, while at tte same time 
supplying drag torque to danp out the effects of roughness £issoclated with gun shock and 
vibration. As the gunner moved his v#eapon, rotatlcxi of the member carrying the gyros 
caused t-iie three gimbals to tip until the restraining wrings developed restraining 
torques to balance the gyro output torques corre^nding to conponents of input angular 
velocity. 

Ihese glmbal rotations were coupled mechanically to a system of ralrrora whose 
angular deflections established on optical-reticle Indicated line of sl^it offset behind 
the gun barrel. Ilie gunner had only to keep moving the gun as necessary to maintain the 
reticle Image on the target. Ttvs correspcxidlng forced moticxi of the gunsl^it case gen- 
erated lead angles that caused the gun to fii-e Its projectiles ahead of the target by a 
prt^er angle to correct for target motion during bullet travel. With this arrangement, 
the fire control problem uas effectively solved using inertial space, and It was 
unnecessary to mechanize any coordinate transfoinations. In effect, deck moticms did not 
enter the problem, being eliminated by a gunner who kept the reticle on the target, so 
that they did not affect the fire control predictions. 

In practice, this was not altogether true because human gunnera were unable to 
acconmodate perfectly for deck tilts and angular velocities to ke^ his optics exactly on 
the target, but the mechanization allowed inexperienced gunners to deliver effective 
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anti-aircraft fire under combat conditions. Since the fire control problem did rrot need 
fiSeometrlcal transfonnatloi devices, the gunsights were caipact, being not much larger or 
heavier than standaid typewriters, vMle they gaierated effective solutions rapidly enough 
to keep attacking aircraft In considerable danger v*iile they retained within range of the 
guns, liiough the fire control system desigis were not Important for the n^-rtlal navi- 
gation systems, they applied slngle-degree-of-fl'eedcxn gyro units and previded an extensive 
and fundamental eiglneerlng and deslgi background for the sensar? that would be developed 
for Inertial Navigation Systems. 

INERTIAL SENSOR PRINCIPIES; FUNbAMEMTALS OF GmxCOPIC TOEORY 

Aero^>ace guidance technology developed by the laboratory depoided upon engi- 
neering applications of Newton's Laws. llTese applications are difficult to Interpret 
without a pattern of generalized theory to slnpllfy concepts and clarify representations. 

A pattern of this kind is developed In Figures 1 throug^i 6. Devices of two types are 
Important for inertial systems; caie type, called the specific force sensor , is required 
to be respcnslve for resultants formed by gravitational and inertial reaction forces which 
act on each particle of the materials Involved. Tlie other type, called the angular devi- 
ation sensor , receives angular deviations with respect to inertial space from arbitrarily 
established referoice orientations. Sensors of the first type generate signals frcsn vMch 
navlgatlcxal Infonnation on acceleration, velocity, and locatlcxi may be derived. Sensors 
of the secoid type supply slgials that can be used os ir?)uts to servo-drive systems for 
correcting deviations of specific force sensors from desired orientations. 

Figure 1 is taten from an Instrumentation laboratory publication of the 19^0s 
showing the essential sensing element In a single-degree-of-ft*eedom specific foi?ce 
receiver consisting of an unbalanced rrass carried by a shaft, pivoted about an axis fixed 
to the Instnsnent case. In practice, damping, out?)ut slgial generation, torque restraint, 
and other functions have to be Included as necessary seirvlces provided for the force- 
sensing mass In a conplete instrument. Some of the various essential conpcxients that must 
be combined to give overall operation are labeled and named. 

Gyroscopic actions associated with a rotor spinning at relatively hi^ angular 
velocity about an axis of symnetry are generally regarded as less obvious than the 
apparently stral^tforward dynamic "lagglng-behind" of a mass under linear acceleration. 

In fact, if vector representations are understood and used, smooth, high-speed rotation 
has the effect of one integration, and makes the behavior of a gyio constrained to slngle- 
degree-oi-fheedom operation even sljipi..,*r than the interaction of a mass with linear 
acceleration. Figure 2 Is a sunmary of the definitions, conventions, and representations 
used to associate gyro rotors with vectors and torques. Figure 3 Is a pictorial 
representation of a gyro rotor and glmbal mo>yited with two degrees of angular freedom on 
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Pig. 1 

Line Schetratlc Diagram Showing Slrgle-Deg?ee-of-n?eedoin Pendulum 
Iftilt eis an Orientational Si gal Receiver for tlie Direction of 
^)eclflc Force Projected on an Iiput Plane 


a base. With the spin axis substantially horizontal, a force applied to the Inrjsr glr.ibal 
about the axis at rl£^ angles 3 the glnbal axis produces a torque vector at rl(^t angles 
to the angular ponentum vector. ^ Newtcxi's Law of Gyroscopic Action, the response of the 
rotor is to turn its spin axis toward the torque axis in the angular motion called 
precession. Die direction of change of position always tends to shift the arrowhead of 
the moving vector so that it points in the same dlre'itlon as that cf the torque vector. 

Ihe diagram of Figure 3 is, of course, greatly simplified, in slngle-degree-of-frtedom 
gyro units for use as angular deviation sensors In guidance systems. 

Figure 4 smirarlzes the engineering definitions made in treating spinning rotors 
as gyroscopic elements, and the theoretical consequences that follow these assunptlons. 

Dy definition, a gyroscopic element Includes the following three features: (1) a rotor 

spinning about an axis of symnetry, (2) the spin angular velocity is coistant in magnitude, 
and (3) angular velocity magnitudes about axes other than the spin axis never exceed 
insignificant levels, and moments of inertia about axes at right angles to the spin axis 
are all so small that the angular momentun of the system is effectively concentrated in 
the rota* along the spin axis. 
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Pig. 2 

Victor Represantation of Rotational Quantities 

LMer toase assuqptlons, the equation of motion for a gyroscopic elenoit reduces 
to the statenenv that chc applied torque is equal to Uie cross product of the angular 
wlocity of the ^In axis tilth respect to Inertial space and the angular momentuni vector. 
In other tiords» the angular momentun vector has an aigular velocity of precession that 
tuzTB It tcMBTd the torque vector. 1110 output torque from the glmbal tdien an angular 
velocity with respect to inertial space is ijiposed on the angular nmnmitun v«'ctor, is 
given by leverslng the order of terms in the cross product. Figure 5 illustrates an 
arranganent vith a gyroscopic element Incorporated In an instrunent case as the sensitive 
element of a basically slngle-degree-of-ft'eedom ang<ilar deviation receiver. Ihe vector 
coqponent perfonrancc equaticxts are written dovin for a generalized orientation of the gyro 
element and its ginted within the case. In engineering practice, all the angles betveen 
axes fixed to the structure carrying the rotor and tlie enclosing case remain very small, 
so that aeall angle ussimptiois in theory are all valid for all deviaticxis as they are 
shown.. Figure 6 is a line scheraatli; diagram, with definitions and symbols, showing a gyro 
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W«. 3 

Pictorial Sctanatlc Dla^ran of Qyroseoplc Unit Model Uluaitretlne the Precession 
of a Otsrroacoplc ELcusit Due to an Ivpllei Ibrque Acting About a Fixed Axis 
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Vector Representation and Basic Perfonrance Equation for the Gyroscopic Element 






elanent contdned with the otho* functional coofxxients needed to fcna the fundamentals of 
a sln^e-degree-of-freedcm angular deviation receiver that Is adequate for engineering 
discussion, design and test purposes. 

Ihe conblnatlon of concepts said conponoits (teflned and represented In siinple 
form by the line schematic dlagim of Figure 6 fome the basis for all the slr^e-degree- 
of-freedcm Integrating gyro units created and pioneered during the 1940s by the Ihstru- 
mentation laboratory. Angular deviation sensors based upon the features suniBi*lzed In 
Figure 6 have been manufactured In large nunbers and successfully applied In many aircraft, 
spacecraft and marine systems. Senscs*s of the type iUustrat;ed derive their name f^xim the 
fact that rotation of the case about the input axis can only occur If a torque exists 
ntfilch. Imposed upon the rotor, causes the angular momentun vector to turn toward the 
torque vector about the oul^t axis. This turning Is resisted by a viscous drag torque 
In the danplng fluid idiich Is proportional to the angular velocity of the danper within 
the case. Since this torque Is proportional to the "output" angular velocity of the 
giotial about the glutei axis, which in tum depaxls on the gyroscopic torque produced by 
the "Irpul^" angular velocity, the overall action is one of Integration. The electrical 
output n?om the signal generator measuring the rotation of the glitel within the case, 
for this reason gives a direct indlcatlcm of rotation far the case with respect to 
inertial space ai)out the input axis. Many refinements and conplexltles beyond the ele- 
ments suggested In Figure 6 are necessary before woridng sensors can be realized, but the 
fVindaiDental ideas Involved are described by the diagrams. Because the basic anxjscopic 
Input Is case angular velocity about the input slxIs, idille the unit output is an electri- 
cal signal representing the Integral of this input, instnments with the features 
represented In Figure 6 are called Slngle-Degee-of-R?eedoni Integrating Qyro IMts . or 
more usually, IRIG*s (Inertial Pteference Integrating G^os). 

STAIE OF INERTIAL BJUII1®ir ART IN TOE LATE 1940s 

At the end of 1945, changed circumstances made it possible for the Instrumenta- 
tion Laboratory to actively attack the problem of Inertial control, navigation, and 
guidance for aircraft. At that time the caily effective devices that used Inertial and 
gravitatlcaial effects associated with the Earth were the marine gyro conpass and the 
stable unit used for fire control reference purposes. Ihe rotors In these instruments all 
had tv#o degrees of freedom and wel^ied many pounds. The coi^lete equipments stood some 
four feet high with horiz<xital dimensions approximating one foot. Many engineers believed 
that largje, rapidly spinning wheels were the only means for sensing the Earth’s rotation 
and detecting deviations frim reference orientations snail enough to provide practical 
stabilization. In catron with all goverrment spcMisors of new projects, the Air Force 
wanted to make use of existing technology for airborne inertial systems. 
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Fbllowing this plan of attack^ the Laboratary installed and fli^t tested an 
APMA Stable Vertical Model (aaiirionly silled in the U.S. Navy for fire control purposes, 
in an Air Force DC-2* The equipnent was large and heavy. Without outside reference, 
vertical irkilcaticMi performance was not good enou^ for airborne navl^tion and guidance 
aimed at eirors less than one mile at the end of a ten-hour fli^t period. It has already 
beai noted that the aircraft Bank and C11 dA> Indicator and the Tom Indicator had per- 
fomance limitations with the order of a few decrees which, in the 1940s (and for all 
later times), qualified them for stabilization oervice but not for na^/igation or guidance. 
At the beginnings of the Instrunentation laboratory’s woz^ on Inertial navigation and 
guidance, we cOTcluded that new mechanizatioi would have to be developed from fundamental 
principals without dependence on anything available from existing techrology. 

FUNDAI®fTAL MECHANIZATION REQUIREMQirS FOR CONTROL, 

NAVIGATION, AND GUIDANCE SYSIFMS 

Achieving practical results without undue concern for the disciplines in science 
and engineering became ny eariy pattern of action at M.I.T. Following this approach, the 
Instnimaitation Laboratory became a laboratoiy of pioneerir^ technology. Thus, the 
technoloQT represented by the 1946 Air Force Project involved searching out all the 
necessary irputs and generating the control and guidance carmands needed to stabilize 
aircraft motions and detennine fll^t paths. We clearly recognized that the overall 
processes had to deal with the quantities of generalized six dimensional geometry, and 
that self-contained systems for the sub-function of navigation could not deperxi upon 
continuous radiaticai contacts with known points of the Earth. This meant furnishing, 
cMi-board, coordinates stabilized against erratic and systOTatic aircraft rotaticais, 
suitably arranged to maintain the input axis of specific force sensors so that all 
possible resultants of gravitational foixjes and linear acceleraticxis were completely 
accepted. 

Fli^t tests of gyroscopic units used for marine ^plications had clearly 
demonstrated that such equlpxnent was not cxily deficient in performance, but had sizes and 
wei^ts beyond those allowable for aircraft. To overcome these objections, we decided on 
desl 0 i studies to minimize the wei^t and bulk of gyro rotors and their supporting gimbals, 
and to reduce levels of undesired torque acting to cause erratic angular deviations of the 
active angular momentum vector. This meant abandoning the concept of a heavy rotor — 
holding its spin axis direction in the presence of torque by sheer inherent power of 
spinning mass — for a mechanization where gyro units, using relatively small rotors care- 
fully isolated from undesired torque corrponents, acted to operate si^ial generators 
requiring substantially zero torque with outputs representing angular deviations. In 
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19^5 » the relatively new technology of servomechanisms was perceived as the key to 
converting gyro deviation signals Into torque ocxnponents for naintainlng geometrical 
members in reference orl«itations substantially free of interference by supporting base 
motions. 


Ihus» without concern for details of desl^^ the functions needed to luplenent 
geometrtcal reference functions were recognized as: 

1) One or more mechanical refejTence members with a total of three degrees of angular 
freedom with respect to the supporting aircraft. 

2) Angular deviation sensors to detect orientatioial changes of the refeiwce member 
fhon desired reference positions and to generate carresponding output sigials. 

a) Two two-degpee-of-freedom angular deviation sensors. 

b) Three single-degree-of-freedom angular deviation sensors. 

3) Servodrive systems to accept the angular deviaticai saisor signals and apply 
torque ccrponents to the geometrical reference member supports as requlr^ to 
overcane the friction, unbalance, and other torque compcai^s tending to disturb 
the geometrical member orieitatiais from desired reference positions. 

4) Means incorporated in the gyro units to sense angular deviations for siqpplylng 
servodrive Inputs to cause changes of the geometrical reference member (Hd.enta- 
tions in response to cormand inputs. 

5) Angle sensors to provide signals representing aircraft orientation with respect 
to the geometrical reference member. 

6) Specific Force Sensors with their input axes properly related to known directions 
in the geometrical reference member so that the output signals representing ccm- 
pcHients along their input axes could be conblned to provide conplete infonnation 
on the resultant ^^eclfic force IrjHit. 

7) Electronic corpoients as necessary to sejrvice stabilization drives and sensors. 

S) Computing systems: 

a) Tb receive signals representing orientation of the geometrical reference 
member with respect to Earth or directions detennined by celestial bodies and 
generate orientational change coimands for the reference member. 

b) To receive signals from the specific force sensors, correct out gravitational 
effects and generate inalcations of locatloi and velocity with respect to 
the Earth. 

c) Tb corrpare indicated locations and velocities with respect to progranined 
states of these quantities in terms of Earth or other chosen external spaces, 
and from this comparison to determine the corrections to vehicle motion 
needed to achieve final mission success. 

d) To generate cormand signals to serve as guidance system outputs representir^ 
these corrections and to serve as the essential inputs for the control sys- 
tem vMch provides interface functions to couple the guidance system with the 
vehicle and its driving system, 

9) Various readouts, indicators, monitoring arrangements, mode-of-operation selectors, 
manual controls, etc., to meet the requirements of particular sitiaatlons. 



Even a brief discussion of the subjects suggested in this far-ffon>-detaiied 
listing is impossible within the sccpe of this p^per. There is surely no reason to 
review here» the theory, mathematics, and practice of the ancient art of navigatlai avail* 
able in 1946. Similarly, the conputer functions required and state-of-the-art conpc»ients 
available for use in new equipmKit were well known. So much effort elsevdiere was being 
devoted toward progress that tl)e Instruroaitation Laboratory found no valid excuse for 
adding any new workers to the fields of computer technology. Conslderaticxis of the same 
kind led the laboratoxy away from tasks associated with readout arrangements and indi- 
cators. It appeared that the area idiere the Laboratory could make tnily significant 
contxdbutions included sensors for inertial quantities, and mechanizations associated 
with the realization of giecroetrical referwce members to achieve the objective of an 
error build-ip of one mile in ten hours fli^t by a self-c<xitained guidance system, 
lowing that all the fundamental conpcnents had to be conceived, designed, built and 
tested, this was the goal the Laboratory began to work toward in 1946. 

GfECMEIRICAL Kh^EKENCE ®©ER I^X^iANIZATTOI: PRIMIEPIES 

Inertial system work In the Laboratory started with desigi studies following the 
gimeral two-degree-of-f^eedcm gimbal suspensicxi pattern that was coinrmly found in gyro- 
scopic equipmait for marine purposes. Among other features, we were particularly inter- 
ested in the technique of rotating a part of the gimbal structure about the indicated 
vertical axis to reduce fricticxi effects by periodically reversing the direction of 
undesired torque conpcnents with respect to the angular momentum of the gyrosc<plc rotor. 

So many detailed considerations became involved as designs were wox^ced out that I can do 
more than suggest a few of the obvious decisions that started new paths of develqpmait for 
inertial systems in 1946. Figure 7, conplex as it may appear, is a sinpllfied diagram of 
an arrangement of elements that was studied on j>aper and, to some extent, in woriclng hard- 
ware directed toward realizing the functicxis of a stabilized m^nber. 

TVio, two-degree-of-fYeedom gyro rotors were mounted within double gimbal systems 
which in turn were carried on the structure of a stable member that was mounted with pitch, 
roll, and azimuth freedom in gimbals carried by the airplane ft’amework. Each of the two 
gimbals for each rotor carried an electrical torque motor. In combination, the motors were 
arranged so that their outputs could process the spin axes to any desired orientations 
with respect to selected reference dlrectiOTs. ihe glnt>als carrying the stable unit were 
equipped with torque motors having outputs sufficient to overcome friction and inertia 
effects associated with the support bearings. Each of the torque motors was part of an 
assembly Including a ”pick-off” to generate electrical signals representing angular devi- 
ations about the various axes. The pick-offs and torque motors were combined in servo- 
drive loops with suitable electronic px)wer anplifiers so that sl^ials from the gyro units 
could accurately dtetermine the orientation of the stable unit without imposing distorting 
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Fig. 7 

Two-Degree-of-Preedom Gyro StabilizatiCMi Unit 


torques <xi the gyro rotors. Ihis appllcatlc«i of servo-mechanism technology — to control 
oriaitaticxi of relatively heavy members, vdth reference directicais established by gyro 
unit glinbals without lirposlng any significant torque on the rotor has been universally 
adopted by designers of inertial guidance equipsnent. 

Two single-degree-of-freedom perdulum units provided the specific foree 
receiving functions for the arrangement of Figure 7, with torquing and si^ml generating 
functions perfoiroed by corrponents within the units supporting the axes of the two pendu- 
lums. Corponents to integrate the gyro torque motor irput currents and detennire the 
changes in spin axis orientation appear as integral parts of the system. Corrputlng 
fUncticais are suggested as systan parts in Figure 7 by a dashed line indication of a cab- 
inet. The cofTputations to be pei*formed could have been carried out by using a variety of 
detailed arrangements, but vehicle location, velocity, and motion corrections both as 
indications and also in terms of control conmands were results required from any system. 

We found that well-qualified mathenaticians could desigi adequate conputers 
which could be inplemented by the technology available. But the instrumentaticai for 
realizing conplete and accurate geometrical information with on-board equipment suitable 
for which solutions had to be found. For these reasons a year’s work on inertial guidance 
reaffirmed our earlier decision to concentrate on inei’tial sensors and the techrology of 
generating and ^plying geometT^lcal information by self-contained onboard systems. 
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We chose a refererKie nariber stabilized and coistralned to follow *:he direction 
of the local vertical as the carrying aircraft moved ova* the Earth's surface. This 
meiriber provided a basic Ijput from which self-contained equlpmait could derive navigational 
Indications. Of course. It would be necessary to confiensate for the effects of acceler- 
ation on the outputs from the sensors In order to achieve accurate Indications of the 
vertical. Dlrectlcxis on the Earth's surface (the heading f?om North for exanple) would 
also be needed. Finally, some geometrlceil referawe for measuring with good accuracy the 
angular motion of the loceLI vertical was needed to determine distances cova?ed an the 
EIrth's surface. Inertial space could be used as this referwce by relating the Integrals 
of torqulng Inputs applied to the gyro rotors to angles of ^In axis rotation by calibra- 
tions of the sensors. Another approach Involved Including a f^slcal ment>3r that would 
hold a selected and established reference orientation with respect to Inertial space as 
part of the overall system. Changes In local vertical directions corresponding to travel 
over the Earth could be read out In teims of angular displacements with respect to this 
reference raenper. By 1951 both of these approaches to tdie orientational referaice problem 
had beai Ijiplemaited In designs of test models built In the Instrumentation laboratory. 

STABI£ VERTTOIL BASED ON llffiEE SINGI£-IH3ffiE-CF-FHffiDCM GYRO 
UNITS AND TOO SINai£-DBGREE-OP-PREEDOM PENDULUM UNITS 

Reviews of past experlaices with aircraft Instrments, gunsi^ts, marine equip- 
ments, and experiments with specially deslgied test devices, showed that ft*ictlcn 7.evels 
obtainable fbom ball beairings could not be reduced below the order of tai dyne c«itl- 
meters. Gyro rotors of reasonable wel#it, a few hundred grams, spinning with ar^ular 
velocities of several tens of thousands of revolutions per minute provide angular momentun 
with ma^iltudes not far from one milUcn gram centimeters squared per second, the 
corresponding precessional rate for a ten dyne centimeter disturbing torque is lO”^ 

—5 

radians per second. Earth's rate Is fifteen degrees per hour which Is about 7.3 x 10 
radians per seccvid. It thus appeared that there was no hcpe of using ball bearing 
supported gimbals to achieve dx*ift rates that were less than several times Earth's rate 
with gyro rotors of reasonable size. At filteen degrees per hour, where each degree 
corresponds to sixty miles of distance on the Earth's surface. It would be impossible to 
achieve stsplllty In geometrical reference mentxer orientations pennlttlng navigational 
uncertainties less than several miles. Hiis led us to c<xiclude that gyro glmbal si^ports 
for prectlcal inertial navigatlcxi systems could not be realized with ball bearings. 

Many possibilities, elastic mmiPers after the pattern used for the gunslghts, 
electromagnetic fields, electrostatic fields, hydrostatic pressurized bearings, grease 
bearings, "squeeze" film bearings, and various other schemes were tried and abandoned for 
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one reason or another. After a number of researches to determine the integrational 
accuracy that could be achieved by shear drag forces generated from velocity gradients in 
thin layers of viscous fluids, we decided to use floatatiOTi for providing most of the 
svpport for a single glmbal structure designed as a hollow float to directly carry gyro 
rotors and their spin axis mechanisms for single-degree-of-freedom configurations. 9y 
adjustment and caitinuous control of tanperatures, floatation forces could account for 
support of all but a small fraction of one percent of the glrribal wei^t. As a useful 
by-product of this arrangement, viscous drag integration of gyro output torque about the 
gimbal axis could lead to signals representing case rotation about the irput axis so that 
the overall gyro unit would provide angular deviation output signals. In practice, the 
addition of means for magnetic suppoio vrthout disturbing torque could make it possible to 
absorb residual non-floated weight and realize gyro units with gin±>al output axis friction 
reduced below one thousandth of a dyne centimeter. These considerations for gyro units 
were found to apply witn equal validity to pendulums and sensors of various types to 
receive specific force. The same design features were found to be effective remedies for 
various other difficulties involved. 

Engineering studies showed that, except for very short transient periods of 
alignment, reference directions fixed to the structure of tl^ stable m^nber had to be 
servc^controlled within small aiigular deviations from reference directions deteimined by 
the gyro spin axes. This made it possible to eliminate giirtel from each gyro rotor 
suspension in an arran'^OTent with the features ill^istrated in Figure 7> and to use single 
axis signal pickoffs for the remaining single axi^ gimbals. Pickoffs of this kind working 
c^out a single axis needed only a very limited rar^:;?, on the order of ai*c seconds, of 
angular motion to acccxnnodate for any deviation that normally operating servo- loops would 
ever allow to occur in stable member orientation. Realization of this fact deteimined 
the essential pattern of sensor design, and made it possible to use the slirplest possible 
engineering features in coistructlon. 

Figure 8 is a 1946 artist’s representation of a three-degree^of-fi?eedan- 
serv^motor-powered gimbal arranganent supporting a stable platform. Ihis platform carried 
three single-degree-of-freedom gyro iLiits with their input axes mutually at right angles 
to sense angular deviations with respect to inejrtlal space about these three directions. 
Two single-degree-of-freedom units with exterrial pendulums are shown with their pivot 
directions fixed to the stable platform. Althou^ details of construction are suggested 
rather than shown here, the general arrangement of functional conponents proved so 
satisfactory that we used It directly or with suitable modifications in many inertial 
guidance systems designed in later years by the Instrumentation Laboratory. 

Figure 9 represents tlie configuration shown in Figure 8 in a line schonatic 
diagram for a conplex of components to operate as the basic mechanical subsystem of the 
stable vertical. The essential operational relationships, incluling electrical quantities 
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Fig. 8 

Sir«le-Degree-of-Preedoin Gyro Stable Platform 


Fig. 9 

Essential Conjwmnts of the Statile Vertical 





Pig. 10 

Punctlcaial Block Diagram of Single-Degree-of-Preedcxn Gyro Stabilizaticsi Unit 

(Plow of Infomatlon Only) 

PRACTICE SINGUB-IH3REB-OP-PREEDOM INERTIAL SE3CORS 

Slngle-degree-of-freedom sensors for angular deviations and gravity have been 
shown in the mechanical subsystem diagrams of Pigures 8 and 9. In Pigure 8 both units and 
pendulums are represented as having journal bearings without any remarkable features. 
Pigure 11 is an artist's rendlticsi of the arrangement used in the first experimental 
pendulum unit. Bedl bearings fitted in the Instrument case were used at each end of the 
shaft vrtilch carried the pendulum. Salient pole stators mated to direct drive rotors fixed 
to the sheift, served the functions of generating output signals and applying comnand 
torques to the pendulim. An aluminum cylindrical cup mounted on the shaft and rotating in 
the field of a pennanent magiet provided danplng for pendulum rotation. 

Tests of engineering models incorporating the features shewn in Pigure 11, and 
Including ball bearing supports for the output shaft, gave angular position uncertainties 
much larger than the fractional arc minute required for inertial guidance specific force 
receivers. Studies of all the principles that might overca.ie this and other difficulties 
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Pendulois Unit 


led to the choice of floatation sigspcrt supplemented by polished vatch-type pivots arai 
Jewels. Ite geieral principles applied in the configutratlon chosen for |»rdulura unit 
design are Illustrated in Pi^ire 12. Ihe |»nduious element was mclfsed in a sealed 
cylindrical chamber vreight adjusted to Just float in the viscous fluid filling the clears 


at the prcper level. Figure 13 is a sectioned drawing showing the details of construction 


the systems ttet are described later in this paper 
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Pig. 12 

Pictorial Schematic of Vxm^ed .Sirclo-Degree-of-Frmlt® Perdultsa Unit 






Pig. 13 

Sectlomti View Sicwiri: Cm Details of 

Single-Degree-of-Preedom PeMulm IMt 


Gyro units built with tall bearing gintoals gave entirely inadequate engineering 
test insults.' Inaccuracies jould definitely be trac 4 to erratic and excessively high 
minljiun torque levels ar«i to susceptibility to torque distirbances under vibratiai .'»nd 
mechanical shock. Inprov'ements great enou^ to achieve satisfactory gyro units v«re r^e 
by applying the s»ie principles of floatation and viscous shear dating used in slr^'le- 
degrse-of-freedem pendulisn units with the features represented in Figure 12. Flgu.« 1'' 
is a ccarrespcrdlng diagram for the flcating single-degree-of-fraedora gyro unit.. The 
girrbal canying the spin axis bearings (idilch were ball beamings in all early units) was 
sealed in a cylinder from which shafts projected cxi both ends. ‘i. e cylinder ■Uhs adjusted 
in size and mi&t to float when the clearance between the cylinder and the case was 
filled with fluid malntair^d at cperatlng tsmperature by means not sh<3wn In tl» diagram. 
Ifats accessible from outside the ; case were attached to the float by screws . Adjustifient of 
these rmts in and out along the screws made it possible to realize a very cl^se balance of 
the moving ass«*ly> This assentsly" was free to rotate about polished rivots working 
within watch-type Ja«els mounted in the ca.se. With almost-perfect floatatlori accctspirylng 
good ttermal ctntrol, the small loMs carried by the jewels: reduced uncertainty torque 
effects sufflclaitly to achieve perfarttance nigh ervxigh to dawnstrate the feasloillty of 
test systens. 
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Studies of the o-vemLl inertial guidarKe prdblea led to tte choice of a .local vertical 
indlcatir^ platibm follc«.itTg the art^ar^aamts of Pipres 9 arri 10. this left t}« pix4>laji 
of azlimith oetesradjiatlcm open for tbe purposes of dlrecticnal control of the aircraft, aM 
also .for navipitlarml indications, ffegnetlc compass readouts were r»t suit^le because 
of ixtmvmt inaccuracies and unavoidable osclllatiorB or fllter.ing tline lags. For ttese 
reasons m decicted to Incorpcarate an automatic tiacter for celestial bt.jdles in tiie first 
s$stm. Without »Jeqi«t« rsKlio or radar ground equipnent to continuously give aircraft 
pasltlon at rdiht, the celestial body chosen for reference ptrpcKes wse the sun. Hils 
pemltted day'li#it qseratlon and the use of photc^'^jy for deterrtLnatlcn of position. 




naxiie chosen for the experimental system was thus PHOEBUS, for the Greek God of the 
Sun, a name that was soon shortened to FEBE as the official name. 

Prom the stai^polnt of mechanization, a giirtialed servo-driven tracking mejrfcer 
carried an automatic optical tracker for following the line of si^t to the sun by means 
of specially desigied elements. Angles of the tracking men4)er with respect to its 
supporting base, %diich was fixed to the airplane stiTucture, were read out, and the corre- 
sponding signals transmitted to the ccrputing system for use in forming control comand 
si 0 ials and navigational locations. Ihese indications, displayed to Uie hunan pilot, 
supplied the infonnatiai necessary for steering the aircraft. Control conmand signals 
generated by the coirputer were also linked with the automatic pilot so that the Stellar- 
Inertial Guidance System could keep the aircx'aft on proper course to its target without 
attention from human members of the crew. Figure l 6 is a side view diagram of the F^BE 
system installed in the rear coipartment of a B-29 aircraft. Figure 17 is the corre- 
sponding diagram for the experimental equipment as seen f^om above. Ihe various com- 
ponents and subsystems are labeled with the names defined in preceding figures of this 
paper. Figure 18 is a photograph from foxvaixi and above within the airplane, showing 
the actual FEBE installation. The corplete system involved a bulk of some 4,000 pounds 
on the weight and balance chart for the airplane. 

A number of test flights were mane between Hanscom Field near Boston, 
Ffessachusetts , and various airfields In the midwest. Perfonnance involving an error 
build-up of about ten miles for five hours flying time was achieved on a number of trips 
fbcxn east to west. Results of this kind certainly did not prove that our objectives for 
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Fig. 16 

Installation of FEBE System in B-29 Aft Pressurized Conpartment Elevation View 
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Pig. 17 

Installation of FEBE System in B-29 Aft Pressurized Conpartment Plan View 

the project were attained, but they did give strcxig indication that guidance systems using 
inertial-only pxdnciples could be desieied and reduced to practical operation. 

By the end of 19^9 it appeared that substantially all of the useful InformatlOTi 
from the FEBE system had be«i obtained, so engineeidng tests were stopped and work began 
on a second approxlmaticn of inertial guidance equipment, this time entirely free from 
dependence upon tracking of any celestial body. 

THE SPIRE SYSTQl 

Gyro unit and servodriven stable member behavior had been generally encouraging 
in the FEBE system, with drift rates in the fractional meru (by meru is one one thousandth 
of the Earth's rate, i.e. , lO”^ x 15° /hour which is approximately one minute ci' arc per 
hour) range achieved cxi numerous occasicxis. Several features of the ejqjerimental sensors 
could be improved by reasonable engineering changes, and there was strong optimism that 
adl-inertial guidance rsystems could be built with smaller size, less wei^t, and hi^ier 
perfoimance than the FEBE system. 

After preliminary studies were conpleted by the Instrumentation Laboratory, 
the Air Force sponsored a new inei?tial-only system, called SPIRE (Space Inertial Reference 
Equipmait). The performance goal for SPIRE was a one or two-mile error build-up during 
ten hours of flying time. A geometrical reference member carrying three single-degree-of- 
freedom gyro units vd.th input axes mutually at right angles, supported by servo-driven 
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Fig. 18 

FEBE System - Imtallatiw Shc»rir^ Stabilization Un.i . 
and Celestial Body Tracking ffatfcer 


gimbals, allowed SPIFE to maintain a set oriaitation with respect to Inertial space. The 
orientation chosen for tte inertial reference package placed its polar axis alwg the axis 
of rotation of the earth. Two gpx> units with tteJr iiput axes at rigiit angles to tills 
polar axis maintained this direction with respect to Inertial .'space. A third gyro unit 
with its input axis alc«g the polar axis maintained the gyro package non-rotating with 
respect to inertial space. A drive, powered by an SKJCurately-controlled-frequency source, 
was designed in to wurk about the polar axis between the gyro fxictege and next outer 
supportir^ gimbal. Rotating this drive at exactly the Earth's rate caused the so-called 
line of rwdes glntal to remain alligned with tlie Earth as it rotated in space. The 
arrangement of the iw?rtial package and Its four supporting’- ginftals is shown In Pl^are 19. 
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Pig. 19 
Track Oorrtrol 


The operating principles of SPIRE allowed us to (1) use the inertial package 
and :Earth rotation ttae drlw to maintain the line of nodtes giiribal in alignment with seme 
arbitrary merldlarj on the Earth’s surface, (2) ajply two pendulisns to sense the local 
vertical dlrectian in the plane; of : a preselected: gtmt : circle course, and (3) measure the 
rotation of the vertical in this plane to indicate progress along the course. 8y coupling 
the pendulun outputs to the aircraft control systess with arrar^ements for automatically 
nulling the cross track pendulum to keep the aircraft in the plane of tte desired great 
circle course, and comparing the processed output of the range paidhilim with the pro- 
grammed ili^t position of the aircraft to c<mtrol locatican alcaig the track, the SPIFE 
system could be made to follow a preset fli^t plan with Indicatlcais of cross track 
deviations alor^ the course j and signal missican ccnfiletlan wlien: the objective was reached, 
luring preflight augment, the angle between the line of nodes girobal and the 
range glniml was set and clanped so that the prefer angle existed from the polar axis to 
the range axis. For initial adjustanrait purposes only, the correct range angle was set 
betwewi the vertical package (unit: carrying the two penduliass), and the rarse glmbal. Ihe 
stablllzatlcyi servo-drives were tten energized, and the signals from the two pendulisns and 
aan extenmlly mounted photo theodolite were resolved and used to torq« the gyros thereby 
allgiiiig the vertical package to the local direction of gravity and turning the rar^ axis 
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to the correct axlinuth. With the system geuraetry established, SPIRE was ref^Jy to suj^ly 
control ooniiands to the autopilot for automatic o|3a:*atl<m, and Indicaticsis to rea<tout 
dials fcr mcnitorlng by luroan operators. 

Figure 20 is a phot<^raph of the SPIHE systan as It aip>eared durljij engineering 
tests in the Laboratory during the latter part of 1951. The system was mich lar^r tfian 
<»uld be accepted for aircraft, and wei^^ atxxit 2800 pocnds. AltiK3u#i wei^dr^ seme 
25 percent less than EM, it ms still imch too great for fllfjit use. However, the 
objective of ail- inertial operation liad been attacked, and patterns of (tesign fca* com- 
poTcnts and siibsystems suitable for aircraft pui*poses were emergir^ that held real 
premise for practical guidance equipment wiHi all the qualities needed for fligiit 
^qper*ations. 



Fig. 20 

E^iotograph of ^ilr'e System cn Test in Laboratory 
CGNOUSIC^ 

The ”20-Year Rile" set by the Academy History Corrdttee llialted this memoir to 
ti»» 1935-1951 period at the Massaclax^tts Irestitute of Teobnology. During thl,s span of 
years t}« basic ideas of Inertial giilslanee appeared, were LTp>lemented In eacperimental 
h.ardware, and flliJit tested to dononstratett engineerini^ feasibility. It Is unfortunate 


in a way that In 1951 the SPIRE fll^its had not yet started and marine, missile, q>ace, 
and ccxnnerclal aircraft developinatts were still a few years in the future. I will not 
moTtion the equipm^its built and results achieved during the 1950s beyond noting that the 
technology pioieered, would be followed by ccwislda?able production and wide-spread use, 
based on conc^ts that were no more than misty ideas in 1935. 
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